UNCLASSIFIED 


AD 


262319 


DEFENSE  OOCDMENTATION  CENTER 

FOB 

SCIENTIFIC  AND  TECHNICAL  INFORMATION 

CAMERON  STATION.  ALEXANDRIA.  VIRGINIA 


UNCLASSIFIED 


KOTICS:  When  government  or  other  dravlnge,  epecl- 
flcatlons  or  other  data  are  uaed  for  any  puipoee 
other  tha»  in  connection  vlth  a  definitely  related 
goveniment  procurement  operation^  the  U»  8* 
Oovemment  thereby  Incurs  no  responslblUtyi  nor  any 
obligation  lAateoeverj  and  the  fact  that  the  Oovem- 
ment  may  have  fonulatedy  furnished,  or  In  ai^  i«y 
supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  be  regarded  by  lapUcatlon  or  other¬ 
wise  as  In  aay  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  n#ts 
or  pennlsslon  to  manufacture,  use  or  sell  any 
patented  invention  that  may  In  any  way  be  related 
thereto. 


Best 

Available 

Copy 


UNITED  STATES 

NAVAL  POSTGRADUATE  SCHOOL 


THESIS  xerox 


THE  INFLUENCE  OF  WINDS  AND  RELATIVE 
HUMIDITY  ON  THE  SEASONAL 
THERMOCLINE  AT  OCEAN  STATION  "F" 

Marion  Jo  Clark 

Lieutenant,  United  States  Navy 


THE  INFLUENCE  OP  ^//INDS  AND  RELATIVE 
HUMIDITY  ON  THE  SEASONAL 
THERMOCLINE  AT  OCEAN  STATION  "P" 


Marion  J,  Clark 


THE  INFLUENCE  OP  V/INDS  MD  RELATIVE 


HUNIDITY  ON  THE  SEASONAL 
THERHOCLINE  AT  OCEM  STATION  "P" 

*  *  *  ♦  * 


Marion  J.  Clark 
19  6  1 


UlTITED  STATES  NAVAL  POSTGRADUATE  SCHOOL 

Degree:  Master  of  Science  in 
Meteorology 

Classification: 

Thesis:  Unclassified 

Ahstract:  Unclassified 

Title  of  Thesis:  Unclassified 


Contains  no  proprietary  information 


THE  IHPLUEECH  OP  V/IIJD3  AND  RELaTIVS 
HUKIDITY  ON  THE  SEASONAL 
TirSRnOGLINE  AT  OCEAN  STATION  "P" 


Ly  ■ 

•Ilarion  J.  Clark 

This  work  is  accepted  as  fulfilling  the  thesis, 
requirements  for  the  degree  of 
MASTER  CP  SCIENCE 
IN 

METEOROLOGY 
from  the 

United  States  Naval  Postgraduate  School 


A/ 


faculty  Advisor  J’ 


Approved: 


Chairman,  Department  of 
Meteorology  and  Oceanography 


\ 


Academic  Dean 


TH3  IKPLJENCE  OF  WINDS  MD  RELATIVE 


HUMIDITY  ON  THE  SEASONAL 
THERMOCLINE  AT  OCEAN  STATION  "P" 


Dy 

Marion  J.  Clark 
Lieutenant,  United  States  Navy 


Submitted  in  partial  fulfillment  of 
the  requirements  for  the  degree  of 

MASTER  OP  SCIENCE 

IN 

METEOROLOGY 


United  States  Naval  Postgraduate  School 
Monterey,  California 


19  6  1 


ABST2AG2) 


The  ability  to  predict  the  temperature  structure 
successfully  in  the  upper  layers  of  the  ocean  has  lone  been 
sought  by  both  military  and  civilian  scientists,  with 
prime  interest  to  date  being  focused  on  obvious  surface 
meteorological  parameters,  such  as  air-sea  temperature 
difference  and  wind  speed.  In  an  attempt  to  approach  the 
problem  from  a  different  viewpoint,  attention  in  this 
paper  has  been  directed  to  the  higher  atmospheric  layers 
and  such  significant  conditions  aloft  which  may  possibly  be 
associated  with  variations  in  the  temperature  structure  in 
the  ocean.  .. rimary  interest  has  been  in  the  onset  and 
initial  disturbances  or  'sinkings’  of  the  newly-established 
seasonal  themiocline  at  ocean  station  "P"  (latitude  50IT, 
longitude  145W). 

Cne  of  the  main  objectives  of  this  paper  is  to  detect 
significant  meteorological  chanucs  or  disturbances  in  the 
state  of  the  atmosphere  which  accompany  or  precede  distinct, 
variations  in  the  thermocline;  and,  if  possible,  to  take 
advantage  of  these  atmospheric  changes  as  possible  fore¬ 
casting  tools  to  predict  tie  temperature  structure  of  the 
upper  layers  of  the  ocean  or  the  depth  of  the  mixed  layer. 

;iS  a  result  of  this  investigation,  two  basic  hypoth¬ 
eses  are  presented:  (1)  that  the  ocean  upper  mixed  layer 
asid  the  layer  of  air  in  immediate  contact  with  the  ocean 
surface  should  be  treated  as  a  unit  w;iich  is  affected  by 
meteorological  parameters  above  this  unit  aloft,  arid  (2) 
that  there  exists  in  the  upper  atmosphere  a  'mirror  image' 
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level  where  the  fluctuations  in  the  wind  speed  closely 
depict  the  oscillation  in  the  depth  of  the  mixed  layer. 

In  support  of  this  theory,  profiles  and  graphs  of 
meteorological  parameters  such  as  temperature,  wind  speed 
and  relative  humidity  have  been  prepared  for  various  levels 
in  the  atmosphere.  A  synoptic  technique  for  predicting  the 
annual  commencement  date  of  the  seasonal  thermocline  using 
temperature  and  wind  discontinuities  aloft  is-  presented. 

In  addition,  a  mathematical  relationship  between  wind  speed 
aloft  and  the  dei)th  of  the  mixed  layer  has  been  developed 
in  support  of  hypothesis  (2)  with  tested  predictions  in¬ 
cluded  as  iippendix  I.  The  complete  investigation,  results 
and  conclusions  drawn,  are  based  on  data  obtained  at  ocean 
station  "I". 

?or  his  invaluable  aid  in  the  preparation  of  this 
manuscript,  the  author  is  deeply  indebted  to  Associate 
] rofessor  G.  H.  Jung,  Department  of  Ileteorology  and  Ocean¬ 
ography,  U,o.  Naval  I ostgraduate  School,  Monterey. 
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1.  Introduction. 


'Modern  technological  developments  continue  to 
accelerate  man’s  exploration  of  both  outer  space  and  the 
deaths  of  the  oceans;  scientific  curiosity  continues  to 
lead  him  further  and  further  from  his  native  environment, 
the  face  of  the  earth;  hence  it  becomes  increasingly  nec- 
Gcsary,  ond  indeed  vital,  that  our  knowledge  of  these  newly 
invaded  mediums  be  expanded. 

The  study  of  the  oceans  is  a  clallenging  one.  Although 
Qceanogra;)herG  have  accomplished  a  great  deal  tov/ard 
successfully  unravelling  the  age-old  mysteries  of  the  deep, 
there  still  remains  'riuch  to  be  learned  in  this  area.  Indeed, 
this  is  one  field  •;'':e.re  -.edern  technology  has  far  surpassed 
our  liniteu  Imowledge  of  t..€  physical  and  dynamical  prop¬ 
erties  of  tlic  tranaportiu  ■  mediiim.  example,  sonar  has 

been  d.ovclopcd  to  a  high  degree  of  sophistication,  yet  its 
operational  use  is  limited  loj  lack  of  knov;ledge  concerning 
the  te.’-.^  eruture  distrieutior  in  the  sea. 

The  ability  to  predict  the  ijemj.ierature  structure 
successfully  in  the  ihoer  layers  of  the  ocean  has  long  been 
sought  by  jjohi  military  and  civilian  scientists,  Liumerous 
c.gproacjios  to  the  ;^roblem,  both  subjective  and  objective  in 
natu':'e,  hc.vc  been  .made,  j'ot  the  fact  reiraiiis  that  the'temp- 
eratui.-’c  distribution  in  an  extensive  ocean  layer  encompass¬ 
ing  egyroxii'^ntely  70,'V  of  the  earth's  surface  ernmot  be 
correctly  foivc  -  a.t  wit!. in  the  desired  li.mits.  rJov.^ever,  if 
one  ta.-^s  into  account  the  vast  number  of  .meteorological 
anfl  occar.ograi  i.ical  arameters ,  v/l.icb  are  constantl. 
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interacting  at  the  air-sea  inter.face  and  affecting  the 
resultant  ocean  temperature  structure  beneath,  it  is  not 
surprising  that  an  immediate  solution  to  this  intricate 
prohlei  has  not  been  forthcoming. 

Laevastu  w.  in  compiling  a  list  of  factors  affecting 
the  temperature  of  the  surface  layer  of  the  sea,  has  listed 
over  one  hundred'  parameters  v/hich  individually  or  co  llect-' 
iyely  pday  some  role  in  determining  the  temperature  of  the 
ocean.  Relative  humidity,  wind  speed,  conduction  of 
sensible  heat,  turbulence,  incoming  solar  radiation,  latent 
heat  of ' evaporation,  tidal  currents  and  cloud  cover  are  but 
a  few  o'.r  the  important  factors  which  must  be  considered.  It 
is  readily  evident,  then,  that  an  accurate  mathematical 
formulation  of  the  problem  v/ould  necessarily  be  a  lengthy 
and  complicated  series  of  interacting  terns  requiring 
access  tc  high  speed  computers  for  ready  solution  even 
after  the  basic  form  of  the  relationship  had  been  prepared. 

fo  date,  in  attempting  to  arrive  at  a  more  compre¬ 
hensive  understanding  of  the  various  reactions  taking  place 
at  the  air-sea  interface,  most  research  activity  has  been 
focused  on  the  ocean  surface  or  in  the  layer  of  air  immed¬ 
iately  adjacent  to  the  surface.  .  hany  forecasting  tech¬ 
niques  involving  obvious  surface  meteorological  parameters 
such  as  relative  hur.iuity,  air-sea  temperature  difference, 
v;ind  speed,  etc.,  have  been  offered  but  v;e  still  lack  an 
accurate  forecasting  '-.roceau^e  vhiich  v;ill  correctly  predict 
t];e  te:r'0rature  structure  of  the  oceazds  surface  layers. 

Undoubtedly  such  a  forecasting  technique  will 
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eventually  eraerije;  in  the  iiiterir. ,  in  an  attemiat  to 
approach  the  prohlem  from  a  different  vieifpoint ,  attention 
in  this  paper  has  heen  directed  to  the  higher  atmospheric 
layers  and  such  significant  conditions  aloft  ’.hiich  may 
_.ossi'bl3^  he  associated  ’/ith  large-scale  variations  in  the 
temperature  structure  in  the  ocean.  In  other  words,  a 
synoptic  approach  to  the  prohlem  has  heen  attempted,  closely 
associated  with  the  synop)tic  a^p.-"Oach  used  in  iieteorological 
forecasting.  I'rimary  interest  has  been  in  the  onset  and 
initial  disturbances  or  ’sinkings'  of  the  nevdy-established 
seasonal  thermo  dine.  Cne  of  the  main  objectives  of  this 
paper  is  to  detect  siguifiCwnt  meteorological  changes  or 
disturbarces  iu  the  state  of  the  atmosphere  vjliich  accompany 
or  precede  distinct  variations  in  the  thermocliue ;  and,  if 
possible  j  to  tate  adv:mta;:e  of  thc^e  atmospheric  changes  as 
.-oSoi.ble  fcrocacting  tools  to  ./redict  the  temper  ture 
strue  huro  of  the  upp/or  layers  cf  tl.e  ocean  or  the  depth  of  . 
"iiic  j.imeu  layer. 

;.,rofiles  and  gra,  hs  of  meteorological  paraiaetors  such 
as  tei.r.  erature ,  v;ind  a  ecd  and  relative  humidity  have  been 
.re^aroa  for  vc^rious  levels  in  the  atmosphere  and  are  dis¬ 
cussed  in  the  body  of  uhe  pa^.er.  n  synoptic  tec’^mipue  for 
predicting  the  annual  ccm’iier cement  date  of  the  seasonal 
viicrmocline  usin;  te  :p'crature  and  vrind  discontinuities 
aloft  is  also  presented.  In  ad'icion,  a  matiicmatical 
relationship  bet'ueen  './ind  speed  aloft  and  tbt,  deith  of  the 
i.'.i:ccd  layer  has  been  developed,  Corpnted  predictions  and 
re -;ultc  for  sr'.n^  -ea  summer  i.onths,  19r'5  f.r..upii  1959, 
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are  tabulated  in  Appendix  I. 

The  complete  investigation,  results  and  conclusions 
drawn,  are  based  on  data  obtained  at- Ocean  Station  "I-" 
(latitude  loiisi’tnde  145v7). 
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2 .  Background 

The  decision  to  a^-proach  tiiis  problera  froia  a  synoptic 
viewpoint,  and.  to  focus  attention  on  the  upper  ateospheric 
levels  rather  than  on  the  sea  surface,  v/as  based  on  the 
results  obtained  and  observations  noted  in'tv;o  earlier 
papers  p-'^epared  using  data  obtained  at  ocean  station  ".I", 

■In  the  first  paper  £2J^  which  v;as  primarily  a  case 
history  of  the  state  of  the  atmosphere  durinc  the  onset 
of  the  seasonal  thermo  dine  for  the  year  1959*  four  inter¬ 
esting  phenomena  were  observed;  (1)  an  abrupt  horizontal 
v;_nd  discontinuity  at  GCOO  meters  preceded  the  first  sudden 
'sinking’  of  the  newly-ostablishcd  thermocline;  (2)  a 
definite  period  of  increased  stability  in  the  lower  strat¬ 
osphere  preceded  the  chain-like  reaction  of  temporary 
stability  dovm  tl.rou_h  th..  atr.os..heric  lo.yors  and  culmi¬ 
nated  in  increased  surface  wind  speed  and  subseciuont  sudden 
sinking  of  tlie  mixed  layer  (deepenin;;  of  the  isothermal 
ocean  layer);  (5)  abruj^t  reversals  of  the  stability  dis- 
.  ^dtion  aloft  coincided  with  the  onset  aiid  sudden  increases 
in  depth  of  the  .mixed  layer;  and  (h)  expected  variations  in 
the  relative  humidity  could  be  detected  more  readily  at  G50 
nb  than  at  the  ocean  surface. 

Prav/ley  and  Clark  ,  in  atter.pting  to  construct  a 
teciuii-pie  for  determinin^;  the  tlierr'al  structure  in  the'  upper 
I  ryors  of  the  ocecui,  considered  various  cor.ibinatio.r:G  of 
meteorclo  'ic.-.l  '.araieters  and  discovered  thrt  tic  inclusion 
of  ak’os  Ixric  rt’l.il'M:,  grve  tlu.  boat  result.'. 


Since . .  the  air-sea  temperature  difference  for  the 

0200Z  forecast  did  not  seem  adequate  to  describe  the 
radiation  effects,  other  meteorological  parameters  in*- 
volving  radiation  effects  were  investigated.  It  was 
found  that  the  best  results  were  obtained  by  using  the 
lapse  rate  through  the  layer  850  mb  to  700  mb. 

In  reviewing  the  results  summarized  above,  it  liras  con¬ 
sidered  that  sufficient  .justification  existed  for  additional 
research  in  the  higher  atmospheric  levels  rather  thsji  on  the 


level  adjacent  to  the  sea. 
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5.  Synoptic  Teclmi<iue  for  Determining  the  Annual  Onset 
Date  of  the  ■Seasonal  ^hermocline 

I’irst  of  all,  consider  the  general  state  of  the  atmos¬ 
phere  aloft  prior  to  the  annual  onset  of  the  seasonal 
thermoclinec  In  the  195S  sprin2  edition  of  the  Pan  American 
Airwa?/s  'feciinical  pLeport  [43  ,  a  statistical  summary  of 
seasonal  incidences  of  jet  stream  centrums  was  compiled, 
based  on  ten  years  of  hemisiilieric  data.  Station  "P"  is 
located  in  the  area  of  iTUociinum  jet  stream  incidence  in  the 
Pacific  Oceaii,  reported  in  C4j,  \/ith  the  ;Tinter  mazeimuza 
dominating.  It  was  found: 

.'ictually  the  increase  of  incidence  in  the  spring  over 
winter  between  3011  and  is  soiaevzhat  misleading 
inasmuch  as  a  high  iToportion  of  these  incidences  occur 
during  Ilarch  and  can  be  consioered  as  a  carry-over 
from  the  -winter  natterns. 

.nalyaing  the  seasonal  picture  and  tracing  the  gradient  of 
acccinun  jet  incidence  throughout  the  spring  months  one  notes 
the  folio-wing  trend:  in  l.'arcli,  prior  to  the  establisliment  of 
the  seasonal  thermocl ine,  mazcimum  jet  activity  occurs  dj- 
roctly  aloft  ,  However,  durin._  April  and  Hay  tlicre  is  a 
izarhed  decrease  in  cyclonic  activity  ajir'  a  iTiar’-ced  decrease 
in  the  gradi-nt  of  incicciice  of  jet  centrums.  Phe  seasonal 
thermocline  commences  vParing  t!:is  p-eriod:  and,  for  the 
balrcice  of  the  s_  ring  Mil.  sn  m,;r  montlis,  ridging,  bloc.dng 
.ano  stable  condition.:  n ■'C''’..o’;inatc ^  l».s  a  result  of  tlic  Pan 
-merican  survey  it  is  noted  that; 

roiiounced  .’ecreases  in  hicidence  occur  in  Anril  and 
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It  would'  therefore  appear,  *on  a  very  broad  scale,  that 
one  of  the  prerequisites  for  'setting  the  state'  for  the 
onset  of  the  seasonal  thernocline  is  the  northward  migration 
of  the  stream  past  station  "P"  during  the  early  spring 
months.  In  support  of  this  theory,  it  is  noted  that  in  all 
four  years  analyzed,  a  period  of  decreasing  wind  speed  at 
the  500-mb  level  precedes  the  actUc^l  onset  date. 

In  1959  the  seasonal  thermocline  commenced  on  1?  April. 
Before  this  date  the  winds  at  all  levels  were  relatively 
light,  va2?ying  in  magnitude  from  twenty  to  forty  knots,  and 
they  v^ere  primarily  zonal  in  character.  This  zonal  charac¬ 
teristic  persisted  during  the  period  that  the  thermocline 
v;as  being  established  at  a  depth  of  eight  to  ten  meters. 

The  first  interruption  to  the  pattern  occurred  eight  days 
after  the  onset  date.  At  this  time,  a  decided  wind  dis¬ 
continuity  appeared  at  a  level  of  6000  meters  (i.e.,  a 
sudden  veering  of  80°  in  wind  direction)  and  exactly  twenty 
hours  later  the  first  sudden  sinking  of  the  mixed  layer 
occurred,  a  drop  to  a  depth  of  forty-five  meters. 

This  discontinuity  could  be  readily  tracked,  with 
appropriate  time  lag,  through  higher  tropospheric  layers, 
across  the  tropopause  and  into  the  lower  stratosphere,  A 
surface  front  was  located  in  the  vicinity  of  station  "P" 
and  possessed  the  correct  magnitude  of  slope  to  account  for 
this  discontinuity,  Hov/ever,  the  existence  of  a  frontal 
passage  is  eliminated  as  the  prime  cause  of  the  discontinu¬ 
ity  if  one  concurs  with  the  current  belief  that  air-mass 
discontinuities  do  not  cutend  into  the  stratosphere. 
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In  an  attempt  to  establish  i^hat  role,  if  any,  this  upper 
level  v/ind  discontinr.ity  played  in  the  establisliment  and 
subsequent  sinking  of  the  thermocline,  additional  years  were 
examined  and  the  followins  observations  noted:  In  1958  the 
thermocline  commenced  on  15  liay.  Again,  on  23  hay,  eight 
days  after  the  actual  cotuiencement  date,  and.  follov/ing  a 
period  of  relatively  light  zonal  grinds,  the  same  discontiru- 
ity  or  veering  of  80®  in  wind  direction  appears  at  6000 
meters.  Also,  tv;enty  hours  later,  occurs  the  first  sudden 
sinking  of  the  mixed  layer  to  a  depth  of  forty-five  meters. 

Jit  this  point  in  the  investigation,  the  possitility  of 
utilizing  the  v;ind  discontinuity  aloft  as  a  synoptic  fore¬ 
casting  index  v/as  considered.  In  order  to  test  this  theory, 
the  year  1958  was  ara.lysed,  an.d  a -:ain,  a  sajor  wind  discon- 
timdty  vn;s  found  at  GOOO  meters  c-ight  days  after  tlie  onset 
date.  In  addition,  tv;cnt;  hours  later  the  first  sudden 
sinlcinj'j'  of  the  nixed  layer  0GCU"  .''Gd,  fhis  co.nsistency  in 
the  order  of  events  su’ggoGted  one  set  of  criteria  for 
establishing  the  sinking  of  the  seasonal  thermocline. 

Temperature  profiles,  as  illustrated  in  figures  1  and 
2,  v/ere  then  drav/n  for  th’^ee  at.'ospheric  levels:  500  mb, 

850  mb  and  the  surface.  In  all  four  years  analyzed  (1956- 
1959),  it  v/as  noted  that  a  relatively  cold  period  iimneci- 
ately  'receded  LLe  thermocline  onset  and  that  the  5OO  mb 
and  8lv)  mb  levels  showed  an  abrupt  increase  in  temperature, 
reaching  mxnnr.un  values  on  rhe  actual  onset  date.  This 
tern  eroiture  maxi..;U].i  could  be  traced  do'.m  through  Jhe  atmos¬ 
phere  and  it  was  interesting  to  note  that  the  surface 


9 


temperature  did  not  reach  its  nrorirauin  value  until  after  the 
thermocline  had  set  in  and  been  well-established. 

To  summarize;  the  temperature  maximum  at  500  mb  occurs 
on  the  thermocline  onset  date,  and  the  vdnd  discontinuity  at 
6000  j.ieters  eic:ht  days  later  occurs  tv/eiity  hours  before  the  • 
first  sudden  sinhing  of  the  mixed  layer  depth.  This  combi¬ 
nation  of  events  is  suygested  as  a  synoptic  forecasting  tech¬ 
nique  for  determining  the  comiaencement  date  of  the  seasonal 
thermocline  and  the  first  major  sinhing  of  the  mixed  layer. 

In  order  to  test  this  s, /noetic  teclinique  for  19S1» 
daily  v;ind  and  tc’r.perature  data  received  from  station  "I'” 
are  being  analyzed  as  of  this  writing  and  a  prediction  date 
for  the  1961  theri.iocllne  onset  vsLll  be  forecast. 
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'  Fig.  1  Temperature  profiles  (OOOOZ)  during 

the  onset  of  the  seasonal  thermocline 
at  Ocean  Station  "P”,  The  500  mb 
temperature  reached  a  maximum  on  15 
May  1958,  the  date  that  the  seasonal  thermocline 
commenced.  The  date  of  maximum  temperature  can 
, be  traced  down  through  the  atmospheric  layers 
with  appropriate  lag.  Note  that  the  surface 
temperature  does  not  roach  its  maximum  value 
until  the  thermocline  is  firmly  established. 


Fig. 2  Temperature  profiles  (OOOOZ)  during 

the  onset  of  the  seasonal  thermocline 
at  Ocean  Station  "P".  The  500  mb 
temperature'  reached  a  maximum  on 
17  April  1959,  the  date  that  the  seasonal 
thermocline  commenced.  The  date  of  maximum 
temperature  can  be  traced  do-ro  through  the 
atmospheric  layers  with  appropriate  lag.  Note 
that  the  surface  temperature  does  not  reach  its 
maximum  value  until  the  thermocline  is  firmly 
established. 
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4-.  Distribution  of  ..triosuhcric  Stabilitv  During  the 
Ciiset  nontli 

If  v/e  cxaniiie  the  distribution  of  stability  in  the 
inner  troposphere  during  .-i.;^nil  1959 1  the  nonth  that  the 
seasonal'  therisocline  commences,  v;e  note  the  following  vari¬ 
ations  in  the  distribution  as  described  by  Clarh  [2] : 


Irior  to  the  establishment  of  tiie  tliermocline ,  the 
ovei-all  picture  of  the  troposphere  shovrs  unstablv, 
lapses  in  the  lowest  layers  adjacent  to  the  sea  surface 
\;i"th' a  tendency  toward,  increased  stability  aloft. 
However,  as  the  therraocline  sets  in,  the  reverse  picture 
is  true.  Jurface  inversions  are  established  on  16  April 
and  persist  through  the  onset  until  19  April.  At  the 
secne  time  the  higher  atmospheric  levels  experience  a 
decrease  in  stability  ;md  on  the  clay  that  the  thermo- 
cline  coramenccs  the  lov/er  trOi.osphere  is  composed  of 
two  extreme  layers;  belov;  5,bOG  meters  we  have  ex¬ 
tremely  stable  Cwnditions  wltlx  three  inversions  api)ear- 
ing  while  above  5)000  meters  unstable  conditions 
dominate.  As  the  surface  pressure  falls,  ascending  air 
and  increased  instability  destroy  the  surface  inversions. 
During  the  period  that  the  surface  i:ressure  rises,  21 
to  2d-  .gjril,  subsidence  assists  in  the  temporary  re¬ 
establishment  of  surface  inversions.  On  25  April,  tlie 
increase  in  depth  of  the  ocean  isothermal  layer  coin¬ 
cides  '.••■itl.  an  ab.ru;: t  reve  rsal  of  the  stability 
distribution  ai.oft.  Here  we  see  that  the  surface 
inversion  has  completely  disappeared  and  has  been 
re^nlaced  by  an  u;iGt-,ble  layer  oxtouding  to  almost  1500 
x'ters.  'fhis  uust.-ble  layer  persists  through  20  .ipril, 
slowlp  dccraasi;:^  in  depth  as  mit’dle  atmospheric 
inversions  are  ra^.idly  established  aloft. 


Hence  ;;e  note  that  during  the  onset  of  the  thermocline, 
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interface.  This  conpensatini3  effect  seercs  to  exist  through¬ 
out  tl-'e  onset  month. 

Atmospheric  stability  during  the  onset  months  for  1957 
and  1958  was  analyzed  as  vrell,  and  Showalter  Stability 
Indices  [5'|  v/ere  coBiputed  on  a  daily  basis  and  ax3pear  in 
figure  '3  in  profile  form  for  these  months.  Unfortunately, 
the  Showalter  Stability  Index  tended,  to  smooth  major  stabil¬ 
ity  variations  and  depicted  a  vortical  average,  rather  than 
a  detailed,  analysis  of  the  existing  atmospheric  conditions. 
This  fact  is  readily  ar)parent  if  v.’e  compare  the  profile  for 
.■i.pril  1959  v/itli  the  detail(:d  stability  cross-section  v/hich 
appears  in  [21,  reproduced  here  as  figure  4.  One  car.  ob¬ 
serve  a  tendency  toward  sLable  conditions  as  the  thermocline 
corrriences  and  a  minimum  value  does  sliov;  on  25  npril  to 
accompany  tliC  sinkiri_,  ol  the  mixed  layer;  on  the  v/bole,  it 
\/as  felt  thc-t  the  Atability  Index  jrofilos  did  not  represent 
a  sufficieritly  detailed  arialysis  of  the  true  stability  con¬ 
ditions  for  c-.;  p  ;  risen  oces. 

,.s  a  matter  oC  interest,  daily  soundings  for  April  1959 
we ’e  coir.pared  \;ill;  the  cornuted  .^howalter  Stability  Indices; 
it  was  inberesting  to  note  that  a  minimum  value  of  +5 
reiresendcd  tin;  most  irnstable  sounding  of  tire  month.  A  . 
neutrally  stable  srundin^  ^roch.rced  a  value  of  +?•?  and  the 
index  values  increased  to  a  maximum  of  +20  for  the  more 
stable  conditions.  Showalter  'ovelopcd  thic  index  primarily 
as  a  In.undcrs bor;.,  doivcasting  t^.ol  f.r  use  over  land  areas, 
sc  '.;h.a ;  il;  is  not  sur  risi.i  :  to  note  th.  I  our  index  scale 


shiftodi  to  Liglicr  values  ..den  .■'.police'  over  the  ocean-^ 
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Fig,  3  Showalter  Stability  Index  Profiles 
accompanying  the  onset  of  the 
seasonal  thermocline  at  Ocean 
Station  "P". 
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Fig.  3.  Distribution  of  Stability  in  the  Troposphere  at  Station  "P”.  drjring  Aoril  1959 
The  dark  areas  represent  inversion  layers. 


Buring  the  course  of  this  investigation,  consideration 
was  given  to  developing  a  graphical  forecasting  technique  for 
predicting  the  temperature  difference  in  the  upper  30  meters 
of  the  ocean.  The  Showalter  Stability  Index  was  utilised  as 
one  of  the  six  basic  parameters  in  lieu  of  the  lapse  rate 
previously  used  in  reference  fjj  „  While  the  graphical  fore¬ 
casting  technique  was  not  included  in  this  paper,  it  should 
be  mentioned  that  inclusion  of  this  parameter  did  not  result 
in  as  significant  a  contribution  as  initially  hoped.  However, 
at  no  time  did  the  index  tend  to  err  in  the  wrong  direction. 
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5.  Relative  Humidity 


In  a  previous  study  £2],  the  author,  in  discussing  the 
surface  relative  humidity  during  the  onset  of  the  tliermo- 
cline  in  1959  found: 

It  is  interesting  to  note  that  operations  had  to 
cease  temporarily  during  the  period  16  to  18  April 
(coincident  with  the  establishment  of  the  thermocline) 
due  to  extreme  fog  conditions.  For  a  period  of  six 
days  the  lowest  relative  humidity  recorded  was  96%  with 
most  of  the  days  maintaining  a  value  of  lOO/i?.  As  we 
approach  the  25*1  of  April  the  relative  humidity  de¬ 
creased  steadily  reaching  its  lowest  value  of  70% 
coincident  v;ith  the  sudden  sinking  of  the  thermocline. 

In  figure  5?  the  relative  humidity  at  850  mb  is  shov/n  for 
this  same  month  to  indicate  the  distribution  of  moisture 
aloft.  In  1957  and  1958  as  viell,  the  relative  humidity  is 
at  a  ma:^:iraum  value  coincident  viitli  the  establishment  of  the 
thermocline;  and  minimum  values  are  reached  when  the  iso¬ 
thermal  layer  extends  to  greater  deaths.  Also,  when  the 
actual  water  vapor  content  of  the  atmosphere  immediately 
above  station  "1"  v/as  examined  and  a  level  selected  v;here 
ma::imum  variations  in  the  moisture  concentration  occurred, 
it  was  found  tiiat  the  greatest  changes  in  the  concentration 
of  vapor  occurred  in  the  layer  350  mb  to  700  mb.  In  ref¬ 
erence  [2],  figure  2  ,  reproduced  here  as  figure  6,  an 
excellent  example  of  this  appears,  ji.  decided  majjcimum  in 
the  mixing  ratio  profile  occurs  on  the  onset  date  with  a 
minimum  value  existing  during  the  sinking  of  the  mixed  layer. 
Over  land,  macciraum  acvcction  of  v;ater  vapor  occurs  at 
900  mb,  l^o]  ,  and  one  would  be  inclined  to  e::pcct  a  slightly 
lov;er  elevation  for  t]:is  same  ilieriomenon  over  a  water 
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concentration  of,  and  variations  in,  the  moisture  content- 
aloft  reveals  that  over  the  ocean,  at  least  at  station  ”F" , 
the  greatest  variation  in  water  vapor  content  appears  to  be 
at  a  slightly  higher  altitude,  namely,  in  the  vicinity  of 
S50  mh.  Frawley  and  Clark  j^JJ,  in  selecting  a  forecasting 
parameter  for  inclusion  in  a  graphical  technique  for  pre¬ 
dicting  the  temperature  distribution  in  the  upper  layers  of 
the  sea,  substituted  the  850  mb  relative  humidity  for  the 
surface  humidity.  Inclusion  of  this  upper-level  paraideter 
improved  the  accuracy  of  the  forecasting  teclmique. 
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.  Fig, 5  /  Relative  Humidity  at  850  mbs(OOOZ) 
during  the  onset  of  the  seasonal 
thermocline  at  Ocean  Station  "P"o 
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Pig.  6a..  Mixing  ratio  profile  (solid-850  tabs;  dashed 
700  mbs)  for  OOOOZ  soundings  at  Station 
April  1959. 


Pig.  6b.  Mixing  ratio  profile  (gms/kgm)  for  the  layer 
850  mbs  to  700  mbs  at  Station  "P",  April  1959. 
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Figo7  Profiles  of  Temperature  and  Relative 
Humidity  at  0300Z  are  plotted  for 
.comparison  with  the  Depth  of  the 
Mixed  Layer  at  0200Z  the  followinor 
davo 
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FigoS  Profile.s  of  Temperature  and  Relative 
Humidity  at  0300Z  are  plotted  for 
comparison  with  the  depth  of,  the 
mixed  layer  at  0200Z  the  following 
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Ill  ' fit;ures  9  tjirouijii  20  the  tropopauGe  iieipiit,  level 
of  maximum  winda,  arv'’  the  niaxiiami  v;ind  speed  aloft  lie.ve 
heeii-.'.plotted'  for  the  onset  moiithc  of  1957)  1952  and  1959* 

X'’or  ease  of  comparison,  the  Jiixed  laj^er  '"^epth  has  been 
plotted  separately  for  each  of  these  months  and  the  actual 
onset  date  and  first  sudden  sinhinp  are  shc/.n  on  the  respec** 
tive  profiles. 

In  firure  9  for  d.pril  1959,  i’3  find  that  the  tropopause 
has  a  tendency  to  reacji  its  maxir-ur  elevation  duriiip  the 
period  that  the  thermocl.ine  sots  in  (17  i*.pril),  ..t  the  sane 
ti::ie,  v/e  see  that  the  level  of  r.oxir.iun  winds  and  the  naximum 
wind  speed  aloft,  fipure  10,  experience  ir.inimum  values  on 
the  onset  date.  However,  -when  the  mixed  layer  undergoeG  its 
first  sudden  sinhine  on  25  ..uril,  we  see  that  thC' reverse 
picture  is  tr  e.  VOLile  tlx;  t'rna O'f.ause  is  at  a  ainimius 
heigi-t,  the  level  of  xiuximun  winds  returns  to  greater 
heights  with  an  accomi  anyinp  increase  in  \;iad  speed  aloft, 
■fills  tend  one;,'  a„pe;.'rs  to  hol;l  triic  for  the  otlicr  years  exam¬ 
inee  (figures  12  tiirougl;  20). 
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Fig.9  Tropopause  height  at  OOOOZ  fsolidj. 
and  Level  of  Maximum  Winds  (dash&dj 
x*s  indicate  tropopause  #2* 
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FigoiO  Maximum  wind  speed  aloft  at  OOOOZ 
during  onset  of  the  seasonal 
thermocline  at  Ocean  Station  "P". 
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Fig. 11  Mixed  Layer  Depth  at  0200Z  at 
Ocean  Station  "P". 


Fig.  13  Maximum  wind  speed  aloft  at  OOOOZ 
during  onset  of  the  seasonal 
thermocline  at  Ocean  Station  "P”. 
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Pig.l5  Tropopause  height  at  0300Z ( solid) . 

and  Level  of  Maximum  Winds (dashed) 
x*s  indicate  tropopause  #2, 
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Fig.  16  Maximum  vind  speed  aloft  at  0300Z 

preceding  the  onset  of  the  seasonal 
thermocline  at  Ocean  Station  "P”, 


meters 


300  ■■  A 


APRIL  1957 
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Fig. 17  Depth  of  the  Main  Thermocline 
preceding  the  onset  of  the 
j  .  Seasonal  Thermocline  at  Station  "P 


Fig. 19  Maximum  wind  speed  aloft  at  Q300Z 

following  the  onset  of  the  seasonal 
thermocline  at  Ocean  Station  "P”* 


Fig.  20  Mixed  Layer  Depth  at  0300Z  at 
Ocean  Station  "P". 
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7.  I'/ind  Speed  at  6000  i*eters 

In  figure  21,  the  06002  v/ind  speed  profile  at  6000 
meters  is  shovai  for  the  month  of  June  1958,  For  case  of 
comparison,  the  actual  depth  of  the  mixed  layer  existing 
at  02002  on  the  folloxung  day  v/as  plottec' ,  utilizing  the 
same  scale.  With  the  introduction  of  this"'tx/enty-hour  lag 
VIC  note  that  the  two  curves  tend  to, parallel  each  other 
fairly  well  during  the  first  three-quarters  of  the  month, 
llov/cver,  it  is  apparent  that  the  assumption  of  a  constant 
lag  throughout  the  month  cannot  he  correct,  for  the  txiro 
curves  arc  decidedly  out  of  nhasc  during  the  period  25  June 
through  27  June,  iollouing  this  three-day  ;erioJ,  the 
curves  again  continue-  in  phase  until  once  c,  gain,  around  the 
2;3t^i  through  the  27th  of  the  follovdng  month,  the  maxiuuE’i 
pjiase  difference  occurs,  i'hic  v/as  the  case  for  all  months 

exaninecl  during  the  four  year  period  1956  through  1959* 

% 

-aiditional  iuonths  are  included  as  figures  23  through  26- 
however,  for  simplicitp,  a  constant  tv/enty-hour  lag 
v/as  assiiiued ,  and  the  6000-ir.etcr  ''inc"  speed  v/as  correlated 
witli  the  dep-th  of  the  mixed  layer  yielding  a  correlation 
coefficient  of  0.85  for  this  rarticmlar  month.  In  order  to 
dctcr  'inc  ’/-lether  this  ratuor  high  correlation  existed 
tliroughout  the  balance  of  the  spring  ai/d  summer  months, 
coefficients  v;ere  com"uted.  fer  1956j,  1957  and  19-5'^  and  are 
tah'.'lated  in  ^i.ppenclix  I,  f/hlc  VZ,  It  should  be  noted  that 
•for  the  1959  months  v/here  speeds  at  500  mb  v/erc  sub¬ 

stituted  for  the  6000 -meter  v/lrds  which  v/erc  not  avoil/ible 


foe  f.  is  study,  a  nar'iec  ''’ecrcrce  i:;  correlation  resulted. 
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Fig*21  0600Z  Wind  Speed  at  6000  meters (solid) 
and  MLD  at  0200Z  the  following  day 
(dashed).  A  20  hour  lag  is  indicated 
by  the  profiles. 


the  wind  speed  at  6000  meters,  and 
the  depth  of  the  mixed  layer  at 
Ocean  Station  "P". 
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Hg.23  6000  meter  wind  speed  at  03002'. (solid) 

and  depth  of  the  mixed  layer  at  0200Z 
(dashed).  Correlation  coefficient  for 
this  month  was  .73 


meters 


MAI  1956 


/•"'  401 


^  lO  20  30  40  50  60  70...mps 

Figo24  Depth  of  mixed  layer  at  0200Z 

plotted  vs  6000  meter  wind  speed 
at  previous  0300Zo 


I'ig<25  6000  meter  vind  speed  at  0300Z(soIid) 
and  depth  of  the  mixed  layer  at  0200Z 
(dashed).  Correlation  coefficient  for 
July  1956  vas  *70  -, 


Fig26  Depth  of  mixed  layer  at  0200Z 

plotted  vs  6000  meter  vind  speed 
at  previous  0300Z. 


Surface  vand  speeds  vrere  also  correlated  with  the  ' 
mixed-layer  depth  and  are  included  in  Table  YI  for  com¬ 
parison.  For  .all  months  except  two,  July  1958  and  June 
1956,  the  correlation  coeTficients  for  the  upper  v.dnd  speeds 
^lJ’e^e  hicher.  Table  VI  also  illustrates  that  for  both  levels, 
the  correlation  between  wind  speed  and  the  depth  of  the 
mixed  layer  decreased  as  the  season  progressed.  This  would 
suggest  that  as  the  thermocline  deepened  toward  the  end  of 
the  summer  months,  the  effectiveness  of  the  wind  as  a  mixing 
agent  decreased.  . 
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8.  Development  of  an  Empirical  Relationship  Between  the 
6000-Keter  ’/ind  Epeed  and  the  Depth  of  the  Ilixed  Layer 

The  6000-meter  wind  speed  v;as  plotted  asainst  the 
depth  of  the  mixed  layer  and  the  resultaiit  scatter  diagram 
is  shoim  for  the  month  of  June  1958  in  figure  22.  Since 
the  distribution  suggested  an  exponential  relationship  he- 
tv;een  the  two  parameters,  the  equation  of  the  'test  fit' 
curve  was  assumed  to  be  of  the  form 

KLD  =  e:cp(0.1V)  (1) 

v;here  k^  is  a  proportionality  factor,  hlien  plotted  against 
tho  wind  speed,  k^  turned  out  to  be  a  linearly-decreasing 
function  of  the  6000-meter  wind  speed  and  the  resultant 
best-fit  straight  line  may  be  seen  in  figure  2?.  Hence, 
the  final- relationship  is 

IILD  =  e^*''-'^  (2.  >0. 056V)  (2)  • 

v/here  7  represents  the  6000-meter  v;ind  speed  at  06002  in 
meters  per  second  rmd  MLD  is  the  depth  of  the  mixed  layer 
in  mc.ters  at  0200Z  oi  the  follov/ing  day, 

Epuation  (2)  v/as  developed  on  the  basis  of  one  month's 
data  only,  June  1958,  and  was  tested  as  a  possible  twenty- 
hour  empirical  p-:‘edic oion  for:;mla  for  all  spring  and  sxrimer 
months  over  the  four-year  jcriod  1956  through  1959* 

Oom 'Uted  ■  redictions  for  the  (3e  th  of  the  rixed  layer  v;ere 
CO  :  ;-ared  witli  the  actual  der'tli  existing  at  0200Z  and  the 
results  for  eacl;  month  arc  tabulated  in  t.ppendix  I,  Table 
T.  Tbc  average  absolute  error  for  the  p.-eriod  analysed  was 


IkiiX 


9.  v/inci  3peed  Greater  tlxan  70  Knots 

'.nien  tlie  6000~rneter  wind  speed  exceeded  55  meters  per 
second  (approximately  70  Knots),  the  magnitude  of  the  error 
resulting  from  equation  (2)  hecame  excessive  for  practical 
purposes.  Accordingly,  isolated  cases  for  x\dnd  speeds  ex¬ 
ceeding  this  value  vxere  analyzed  and  appear  in  scatter- 
diagram  form  in  figure  28.  V.'e  note  that  the  distribution 
suggests  an  al;TOst-linear  relationship  bet^ireen  the  wind 
s  UGcl  and  the  deptli  of  the  isothermal  layer,  but  the  best- 
fit’  curve  ap:pearc  to  be  sliglttly  convex  tov:ard  the  right, 
Iloncc  the  e  T.ation  of  the  curve  v/as  assumed  to  be  of  the 


form 

V  =  (3) 

whore  re  .presents  the  depth  of  the  mixed,  la^-er  in  meters, 

7  represents  the  06G03  wind  speed  at  GOOO  meters  in  mc.ters 
per  second,  and  and  u  are  proportionality  factors.  Ln  V 
is  plotted  against  the  depth  of  the  mixed  layer  in  figure  29 


since  the  resulting  distribution  is  linear,  the  initial 
assum  ption  a  ;"ears  to  be  verified.  Ahe  raathcmatical  de¬ 
tails  arc  dolineatcid  in  figure  22  an''  the  final  equation 
becomes 

D  54 „r;  InV  -  151.5  (4) 

Gon'utod  prediction  dex;ths  for  the  isothermal  la;^'-er  vrere 
.o.-c;';..rGd  for  all  cases  during  the  four  j’ears  w’here  v;ind. 
spo  dc  v;ere  gre"!tcr  tji'.en  T’O  ’-.nots  aj the  results  a'pr.car  in 
O'-  endim  ?:d'lc  TI .  '.210  avcrop:c  absolute  error  for  the 

Oiitire  c'i'jd  analrucd  '.;a.a  -Ad'  metevre. 
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10.  Otateiiient  o'f  Hypotheses  and  the  h'lirror  Imape '  Ooncept 
As  a  result  of  this  investigation,  tv/o  basic  hypotheses 
are  presented:  (1)  that  the  ocean  mixed  layer  and  the  layer 
of  air  in  immedis^tc  contact  v/ith  the  ocean  surface  behave  as 
a  unit  which  is  affected  by  neteorological  xoarameters  aloft; 
and  (2)  that  there  exists  in  the  Uioper  atmosphere  a  ’mirror 
image*  level  vrhere  the  fluctuations  in  wind  speed  closely 
depict  the  oscillation  in  the  depth  of  the  mixed  layer. 

In  r)resentiiig  these  hypotheses,  it  is  definitely  not 
the  intention  of  the  author  to  dispute  the  fact  that  surface 
parameters  of  sea  and  air  do  affect  the  ocean  ten.'pernture 
structure ■ directly  below  the  adjacent  layers  of  the  atmos¬ 
phere.  However,  it  is  contended  that  this  layer  acts 
essentially  a.  a  buffer  affecting  the  rate  of  cooling,  or 
the  rate  of  heating,  and  as  such  cannot  act  as  a  heat  source 
for  the  underlying  waters.  Hence,  in  choosing  a  bas:c  fore¬ 
casting  parameter  for  a  starting  point,  the  parameter  should 
not  be  chosen  necessarily  from  this  air-sea  transition  sone. 

■fhe  profiles  and  graphs  of  meteorological  parameters 
such  as  temperature,  wind  speed  and  relative  huraidity,  pre¬ 
pared  for  various  levels  in  the  atmosphere  and  discussed  in 
the  paper,  support  the  first  iiypothesis.  In  addition,  the 
mathematical  relationship  developed  between  the  vand  speed 
aloft  and  the  d  epth  of  the  mixed  layer  tends  to  support 
hypothesis  (2).  The  possibility  of  a  'mirror  image*  level 
at  6000  meters  is  a  new  and  rather  interestin:;  concept. 


Avidence  of  its  existence  has  been  remonstrated  in  the 


^rociriinp  .age.':,  hut  a  ’cause  and  affect'  relatic'.nship 


be  tureen  the  wind  speed  at  this  level  and  the  depth  of  the 
nixed  layer  has  been  carefully  avoided.  .  On  the  contrary, 
it  is  proposed  that  these  two  levels  are  responding 
similoi.rly  to  some  external  trigrering  action  or  energy  iia^ 
pulse,  possibly  incoming  solar  radiation  acting  on  the 


stratosphere. 


11.  Conclusions  and  Secommendations 

Tlie  scatter-diagrams »  enpirioal  formulae  developed, 
and.  the  tested  predictions  based  on  the  concept  of  an 
atmospheric  level  responding  similarly  as  the  depth  of  the 
mixed  layer,  all  tend  to  support  the  conclusion  that  a 
*mirror-imase’  of  the  mixed-layer  depth  does  indeed  exist 
in  the  atmosi)here  at  an  altitude  of  GOOO  meters.  It  is 
recommended,  hoxiJevcr,  that  in  order  to  derive  greater  fore¬ 
casting  accuracy  from  utilization  of  this  upper-air  synoptic 
phenomenon,  additional  research  be  undertaken  to  determine 
the  exact  magnitude  of  the  time-lag  encountered. 


It  is  further  concluded  that  surface  meteorolOoical 
parameters  indicate  to  a  greater  extent  what  has  happened 
to  the  thermal  structure  in  the  upper  ocean  layers,  rather 
than  v;hat  v/ill  happen,  and  hence  should  not  necessarily  be 
selected  as  forecasting  parameters.  In  addition,  a  more 
accurate  determination  of  the  vertScal  extent  of  the  layer 
of  air  ond  the  ocean  nixed  layer,  v;hich  act  as  a  unit, 
should  be  att0mi)ted, 

l^inally,  since  the  t50-nb  relative  huinidity  would 
appear  to  be  a  more  representative  forecasting  parameter 
thru  the  surface  relative  humidity,  it  is  strongly  recom¬ 
mended  that  continued  researci.  be  conducted  in  order  to 
derive  an  em,  irical  relations!  ip  between  the  vertical  dist  i- 
b,P.ix:  of  at'.iocpheric  wa!.er  vapor  and  the  temperature 


distuihnticn  in  the  surface  lapera  of  the 


ocean  immediately 
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TABLE  I 


Computed  predictions  for  the  depth  of  the  mixed  layer 
using  the  forecasting  formulae  MLD=exp(0. IV)  (2. 9-0. 056V) 
for  V<55  meters/sec;  and  I'ILI)=5^.8  InV  -  161.5  for  V;^-55 
meters/sec,  where  V=6000-meter  vdnd  speed. 


Day  of 
Month 
ay  ipe 

6000-m  Forecast 

Wind  Speed  MLD  for 
at  O5OOZ  0200Z 

(meters/sec)  (meters) 

16 

Actual 

MLD  at 

O2002 

(meters) 

M 

Forecast  MLD' 
Actual  MLD 
(meters) 

2 

17 

— 

K 

3 

16 

10 

9 

1 

4 

21 

14 

18 

5 

14 

•  8 

5 

5 

6 

4 

3 

7 

-4 

7 

26  . 

26 

21 

5 

8 

25 

26 

27 

-1 

9 

35 

35 

37 

-2 

10  . 

35 

55 

.  48 

-13 

11 

32 

30 

36 

-6 

12 

31 

28 

30 

-2 

13 

37 

37 

32 

5 

1^ 

28 

29  ' 

35 

-4 

15 

52 

— 

— 

— 

16 

40 

41 

-5 

17 

27 

27 

27 

0 

18 

26 

27 

27 

0 

19 

19 

13 

17 

-4 

20 

16 

10  • 

33 

-23 

21 

21 

14 

17 

-3 

22 

32 

30 

56 

-6 

25 

24 

mmm 

24 

57 

37 

56 

-1 

25 

15 

10 

45 

-33 

26 

43 

44 

41 

3 

27 

57 

37 

30 

7 

28 

14 

— 

— 

29 

53 

55 

40 

-5 

50 

56 

35 

M 

•4  461 

51 

13 

— 

M 

•.veragc 

error  =4.3 

meters  (igmrinf;  2011) 

&  25tlj) 

TABLE  I  (Gont'd) 


Day  of 
riontli 

6000-m  Forecast 

V/ind  Opeed  MLL  for 
at  0300Z  0200Z 

(meters/sec)  (meters) 

Actual 

I'ILD  at 

0200Z 

(meters) 

Forecast  liLD' 
Actual  MLD 
(meters) 

Jun  195'6 

1 

18 

n 

2 

26 

26 

27 

-1  • 

•  5 

53 

35 

54 

1 

4 

51 

26 

42 

-14 

5 

ri 

— 

n 

6 

23 

18 

46 

-28  • 

7 

16 

10 

17 

-7 

8 

5 

4 

9 

-5 

■  9  . 

.  10 

8 

11 

-3 

10 

,  8 

6  ■ 

4 

2 

11 

n 

— 

— 

12 

li 

-- 

15 

0 

0 

46 

-46  • 

14 

•  n 

— 

— 

15 

28 

29' 

43 

-14 

16 

36 

35 

57 

-2 

17 

12 

52  ' 

• 

o 

t 

18 

17 

12 

46 

-54  • 

19 

26 

26 

42 

-12 

20 

34 

36 

42 

-5 

21 

K 

— 

— 

— 

22 

28 

29 

49 

-20  • 

23 

31 

28 

57 

.  -9 

24 

51 

28 

51 

-5 

25 

14 

8 

10 

-2 

26 

21 

14 

24 

-10 

27 

18 

13 

19 

-6 

28 

19 

15 

21 

-8 

29 

n 

— 

50 

11 

6 

16 

-8 

.vvera^c  error  =  9*5  meters 

*  Excluding  5  dajfs,  formula  didn't  v;ork,-  average  error  »  6.2  m 
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TABLE  I  (Cont'd) 


6000 -m 

V/ind  .Gpeed 
Day  of  at  0300Z 
I'lontli  (meters/sec 

Forecast 
IILD  for 
0200Z 
)  (ineters) 

Actual 
liLD  at 
0200Z 
(meters) 

Forecast  MLD- 
Actual  KLD 
(meters) 

.1  1956 

1 

25 

18 

21 

-5 

2 

25 

18 

18 

0 

5 

21 

14 

19 

-5 

4 

11 

9 

18 

-9  • 

■  5 

24 

19 

21 

-2 

6 

27 

27 

25 

.  2 

7 

31 

28 

26 

2 

8 

36 

35 

2? 

8 

9 

15 

10 

24 

-14 

10 

25 

26 

24 

2 

11 

22 

15 

22 

4 

12 

12 

10 

11 

-1 

15 

17 

12 

10 

2 

14 

10 

8 

14 

-S 

15 

13 

11 

12 

-1 

15 

16 

10 

17 

-7 

17 

20 

14 

21 

-7 

18 

24 

19 

12 

7 

19 

13 

11 

12 

-1 

20 

16 

10 

17 

-7 

21 

12 

10 

16 

-6 

22 

26 

26 

26 

0 

23 

31 

.28 

36 

-8 

24 

25 

18 

18 

0 

25 

la 

12 

22 

-10 

26 

25 

26 

30 

-4 

27 

19 

13 

16 

-5 

28 

11 

9 

12 

-5 

29 

15 

10 

11 

-1 

30 

15 

■  10 

16 

-6 

51 

— 

— 

'i=  missinu 

data 

=  Meters  ^ 


.^vero  je  error 


TiiBLE  I  (Cont'd) 


Day  of 
Hontli 

6000-m  Forecast 

V/ind  Speed  HLD  for 
at  O3OOZ  0200Z 

(meters/sec)  (meters) 

Actual 
KLD  at 
0200Z 
(meters) 

Forecast  11 
Actual  MLD 
(meters) 

Aug  1956 

1 

3 

6 

8 

-2 

2 

12 

10 

14 

-4  . 

5 

21 

14 

18 

-4 

4 

21 

14 

20 

-6 

5 

18 

15 

20 

-7 

6 

8 

— 

M 

7 

10 

0 

15 

-5 

8 

4 

9 

3 

0 

9 

5 

4 

6 

-2 

10 

6 

5 

0 

4 

11 

3 

3 

0 

2 

12 

5 

4 

3 

1 

13 

6 

3 

3 

2 

1^-:- 

14 

8 

9 

-1 

15 

17 

12 

9 

5 

IG 

17 

12 

12 

0 

17 

11 

8 

20 

-12 

18 

9 

n 

u 

24 

-16 

19 

23 

18 

17 

1 

20 

49 

31 

18 

35  • 

21 

■  31 

23 

18 

10 

40 

dO 

17 

23  • 

30 

25 

21 

4 

24 

■  23 

18 

24 

25 

42 

42 

24 

18 

26 

52 

50 

52 

-2 

27 

30 

25 

27 

-2 

28 

42 

42 

27 

15 

29 

42 

42 

31 

11 

30 

53 

55 

35 

2 

31 

2d- 

19 

31 

-12 

f.verage 

error  3  5.4 

meters  »  e: 

xcludizi-j  2 

days  marked  * 

45 


SABLE  I  (Cont'd) 


Day  of 
rionth 

al  1957 

6000-m  forecast 

Wind  3peed.  fILD  for 
at  O3OOZ  02002 

(meters/sec)  (meters) 

Actual 
riLD  at 
0200Z 
(meters) 

Forecast  FiLD- 
Actual  HLD 
(meters) 

1 

5 

4 

45 

-41 

2 

.13  ' 

12 

40.51  . 

•39 

5 

22 

18 

55 

-55 

4 

29 

23 

30 

-7 

5 

23 

18 

30 

-12 

6 

26 

27 

55 

-8 

7 

14 

8 

23 

-15 

n 

O 

12 

10 

10 

0 

9 

9 

mm 

M 

mm 

10 

25 

26 

50 

-4 

11 

24 

19 

20 

-1 

12 

r-i 

mm 

II 

mm 

15 

10 

8 

8 

0 

14 

7 

6 

6 

0 

15 

14 

8 

6 

2 

IS 

14 

8 

11 

-3 

17 

7 

6 

10 

-4 

13 

10 

10 

14 

-4 

19 

26 

25 

15 

10 

20 

21 

14 

15 

-1 

21 

50 

25 

28 

-3 

22 

29 

25 

20 

3 

23 

35 

34 

51 

3 

24 

29 

25 

20 

5 

25 

18 

12 

20 

-6 

2v3 

34 

55 

50 

5 

2? 

31 

29 

55 

-6 

28 

17 

— 

M 

— 

29 

2^1- 

19 

25 

6 

50 

— 

__ 

— 

— 

51 

-- 

.vcra  e  error  7  Luiy  through  29  Jul?;  =  3.5  meters 


OJABLE  I  (Cont'd) 


Day  of 
rionth 

6000-m  ■  Forecast 

V/ind  Speed  IILD  for 
at  0300Z  0200Z  ' 

(meters/sec)  (meters) 

Actual 

HLD  at 

0200Z 

(meters) 

Forecast  KLD' 
Actual  MLD. 
(meters) 

^■^ug  1957 

1 

7 

— 

H 

2 

M 

— 

— 

3 

11 

10 

12 

-2 

4 

20 

14 

20 

-6 

5 

19 

16 

28 

-12 

6 

40 

40 

28 

12 

7 

33 

35 

35 

0 

8 

19 

16 

33 

-17  . 

9 

17 

12 

30 

-18 

10 

10 

8 

7 

1 

11 

6 

4 

5 

12 

12 

10 

11  . 

-1 

13 

8 

7 

14 

-7 

14 

10 

.12 

20 

••8 

15 

8 

— 

n 

16 

6 

4 

4 

0 

17  ■ 

6 

4 

4 

0 

IS 

7 

6 

5 

1 

19 

14 

8 

5 

5 

20 

11 

10 

13 

3 

21 

12 

10 

7 

3 

TO 

53 

56 

33 

•« 

< — ? 

30 

26 

50 

-4 

24 

27 

27 

25 

2 

or; 

<-y 

3 

7 

10 

-3 

t.O 

7 

6 

5 

1 

27 

rl 

— 

— 

— 

oo 

'-0 

,15 

10 

15 

-3 

-  y 

14 

0 

14 

-6 

3C 

23 

18 

22 

-4 

51 

19  ■ 

16 

24 

-8 

■vcra 

cr;’ur 

er^’or  =  4.8 
■  A:::s) 

meters,  (ignoring  8!^ 

8  »  average 

TABLE  I  (Gont'd) 


Day  of 
lionth 

6000 -m  Forecast 

Wind  opeed  ■  NLD  for 
at  0600Z  0200a  - 

(meters/sec)  (meters) 

Actual 

NLD  at 

0200Z 

(meters) 

Forecast  NLD- 
Actual  NLD 
(meters) 

Nay  1^56 

13 

'  10 

6 

-1 

14 

15 

8 

4 

4 

15 

31 

28 

20  ■ 

8 

16 

23 

17 

15 

2 

17 

21 

14 

20 

-6 

18  ■■ 

23 

10 

7 

19 

10 

S 

17 

-11 

20 

4 

3 

5 

-2 

21 

12 

7 

15 

-8 

22  ' 

21 

.  14 

50 

-16 

23 

52 

54 

45 

9 

24 

14 

8 

25 

-17 

25 

24 

16 

15 

3 

26 

23 

17 

20 

-3 

27 

19 

12 

15 

-3 

28 

10 

6 

7 

-1 

29 

10 

6 

5 

3 

30 

15 

7 

4 

5 

51 

n 

N 

*'vVQra{;e 

error  =  5*4 

meters 

J 

TiiBLE  I  (Cont'd) 


Day  of 
Month 

6000-31  Forecast 

Wind  onoed  MLD  for 
at  06002  02002 

(meters/sec)  (meters) 

Actual 

MLD  at 
02002 
(meters) 

Forecast  MLD' 
Actual  MLD 
(meters) 

^un  195S 

1 

n  . 

2 

10 

6 

6 

0 

3 

12 

7 

7 

0 

4 

8 

5 

5 

0 

5 

3 

5 

0 

3 

6 

H 

— 

— 

7 

H 

— 

— 

8 

ll 

mmtm 

—  tm 

9 

17 

11 

11 

0 

10 

19 

12 

13 

-1 

11 

21 

14 

16 

-2 

12 

26 

19 

14 

5' 

13 

26 

19 

16 

3 

14 

27 

27 

24 

3 

15 

28 

21 

22 

-1 

16 

26 

19 

18 

1 

17 

26 

19 

20 

-1 

18 

29 

23 

23 

0 

19 

33 

29 

25 

4 

20 

27 

27 

23 

2 

21 

24 

18  • 

50 

-12 

22 

23 

21 

26 

-5 

23 

14 

8 

5 

5 

24 

6 

3 

5 

0 

25 

10 

6 

6 

0 

26 

18 

12 

6 

6 

27 

18 

12 

18 

-6 

28 

25 

18 

18 

0 

29 

18 

13 

20 

-7 

30 

18 

13 

25 

-12 

/iverage 

error  =  5*0 

meters 

T.'.BLE  I  (Cont’d) 


Day  of 
Month 

6000-II1 

Wind  Jpeed 
at  06002 
(meters/sec 

Forecast 
MLD  for 
0200Z 
)  (meters) 

Actual 
KLL  at 
0200Z 
(meters) 

Forecast  MLD- 
Actual  MLD 
(meters) 

1956 

1 

17 

11 

25 

•*14 

2 

21 

14 

16 

-2 

3 

27 

27 

25 

2 

4 

39 

58 

35 

3 

5 

23 

17 

14 

3 

6 

14 

8 

12 

-4 

7 

15 

8 

5 

3 

S 

12 

7 

15 

-8 

9 

11 

7 

18 

-11 

10 

24 

18 

15 

3 

11 

M 

— 

— 

_« 

12 

16 

10 

25 

'  -15 

13 

8 

5 

10- 

-5 

'  14 

11 

7 

13 

-6 

15 

4 

3 

2 

1 

16. 

6 

5 

15 

-10 

'  17 

23  '■ 

17 

23 

-6 

18 

18 

12  • 

15' 

-5 

19  ' 

29  .  ■ 

23 

28 

-5 

20 

39 

38 

34 

4 

21  . 

Oc: 

‘-y 

18 

22 

-4 

22 

18 

12 

20 

-8 

23 

55 

32 

30 

2 

24 

26 

.  19 

25 

-6 

25 

T  "■ 

1  ; 

— 

-- 

26 

n 

— . 

— 

•• 

27 

23 

17 

25 

-6 

28 

op 

27 

25 

2 

29 

33  ■ 

29 

26 

,  3 

30 

54 

56 

27 

29  * 

31 

15 

8 

33  ■ 

-25  * 

verace 

error  =  5*5 

meters,  q:-: 

:cluding  2 

days  marred  * 

TABLE  I  (Cont'd) 


Day  of 
rionth. 

6000-ra 

Wind  Opeed 
at  0600Z 
Cmeters/sec 

Forecast 
KLD  for 
0200Z 
)  (meters) 

Actual 
IILD  at 
0200Z 
(meters) 

■  Forecast  liLD' 
Actual  MLD 
(meters) 

Aug  195^ 

1 

30 

25 

30 

-5 

2 

25 

18 

28 

-10 

3 

22 

16 

55 

-19 

4 

18 

12 

25 

-13 

5 

M 

— 

— 

6 

M 

— 

— 

— 

7 

M 

— 

—  . 

— 

8 

15 

8 

32 

-24  * 

9 

12 

7 

55 

-28  * 

10 

41 

41 

41 

0 

11 

5 

4 

0 

4 

12 

23 

17 

30 

-13 

13  ■ 

41 

41 

36 

5 

14 

59 

38 

58 

0 

15 

31 

25 

50 

-5 

16 

23 

17 

55 

-18 

17 

31 

■  31 

50 

1 

18 

ri 

__ 

19 

li' 

— 

— 

20 

14 

8 

40 

-52  • 

21 

29 

24 

32 

-8 

22 

25 

18 

30 

-12 

23 

27 

27 

45 

-18 

2^1- 

40 

40  • 

40 

0 

25 

18 

12 

25 

-15 

26 

19 

15 

25 

-12 

27 

18 

12 

25 

-13 

28 

36 

56 

57 

-1 

29 

59 

58 

40 

-2 

30 

42 

42 

40 

2 

31 

16 

10 

15 

-5 

..verage 

1  error  =  10 

,5  meters 

‘(excluding 

8,9,20tl),  averagi 

error  = 

:  7.9 

neters 

) 

TABLE  II 


Computed  predictions  for  the  depth  of  the  mixed  layer 
using  the  forecasting  formula  IiLD=54.8  InV  -  161.5  for 
wind  speeds  greater  than  35  meters/sec. 


Date- 

6000-m  forecast 

Wind  Speed  HLD  for 

At  OoOOZ  0200Z 

(meters/sec) (meters) 

Actual  HLD 
at  0200Z 
(meters) 

Forecast  HLD' 
Actual  HLD 
(meters) 

1956  Hay  13 

57 

57 

32 

5 

16 

40 

41 

46 

-5 

24 

57 

37 

38 

-1 

26 

45 

44 

41 

5 

27. 

57 

57 

50 

7 

Jun  16 

56 

35 

57 

-2 

Aug  20  , 

49 

51 

18 

55  * 

22 

40 

40 

17 

23  * 

.23 

42 

42  ■ 

27 

15 

29 

42 

42 

51 

11 

1957  Jul  23 

55- 

■  34 

50 

4 

26 

54 

55 

29' 

4 

Aug  7 

33 

55 

55 

0 

22 

33 

36 

32 

4 

1950  Kay  23 

52' 

54 

45 

9 

Jul  4 

59 

58 

35 

3  ■ 

20 

59 

58 

34 

4 

23 

55 

52 

30 

2 

50 

54 

56 

27 

29  * 

Aug  10 

41 

41 

41 

0 

13 

41 

41 

55 

6 

l^i- 

59 

50 

38 

0 

24 

40 

40 

40 

0 

52 


Date 

6000-m  Forecast 

Wind  Speed  HLD  for 

At  0600S  0200Z 

(meters/sec) (meters) 

Actual  MLD 
at  0200Z 
(meters) 

Forecast  HLD- 
Actual  MLD 
(meters) 

1958  Aug  28 

36 

36 

37  . 

-1 

29 

39 

38 

40 

-2 

30 

42 

42 

40 

-2  ■ 

Sep  4 

35 

52 

35 

>3 

6 

45 

44 

45 

1 

18 

46 

48 

48 

0 

20 

41 

41 

50 

9 

21 

58 

60 

57 

3 

22 

44 

45 

49 

4 

23 

41 

41 

45 

4 

24 

^  .  45 

46 

50 

4 

25 

49 

51 

50 

1 

1959  •  Vpr  '23- 

52 

54 

53 

1 

nay  7 

43 

44 

41 

5 

10 

54 

-  56 

55 

1 

19 

37 

30 

28 

2 

.  Aug  4 

59 

38 

54 

4 

6 

39 

38 

36 

.  2 

17 

39 

58 

42 

4 

.average  error  3.3  meters', 

^Excluding  3  dates  formula  failed  to  predict-  correctly 


TABLE  III 


.Aimmary  of  mean  error  (forecast  MLD-actual  KLD)  for 
months  tested  during  the  period  1956  through  1958* 


1956 

1957 

1958 

Ilonth 

ho.  of 

days 

tested 

No.  of 

days 

tested 

No.  of 
days . 
tested 

Mean  ■ 
error 
(meters) 

Lay 

24 

r 

4.3 

18- 

5.4 

June 

23 

6.2 

— 

— 

26 

3.0 

July 

30 

4.3 

26 

3.3 

28 

5.5 

August 

30 

5.4 

27 

3.8 

26 

7.9 

Total 

37 

5.0 

53 

3.5 

98 

5.4 

Ilean  error  for  the  period  1956  through  1958  was  4,9  meters 


TABLE  IV 

jtati Stic 0.1  Analysis  of  daily  errors  (forecast  KLD  - 
actual  MLD)  for  the  testing  period  1956  through  1958* 
Tota.T  number  of  days  =  258 


Error 

< 

(meters) 

No.  of-  days 
occurrence 

Percentage 
of  total  days 
tested 

O 

82 

52 

3 

117 

45 

n 

138 

54 

5 

154 

60 

6 

174 

68 

7 

185 

72 

8 

198 

77 

9 

201 

78 

10 

•  207 

81 

11 

210 

82 

12 

220 

85 

13 

225 

87 

14 

229 

89 

15 

252 

90 

T.VBLE  Y 


nonthly  means  anc".  standard  deviations  for  the  6000-meter 
v;ind  speed  and  the  depth  of  the  mixed  layer  (MLD). 


Mean 

Wind 

Speed 

(mps) 

Standard 
Deviation 
of  V/ind 
Speed 

Mean 

MLD 

(mete  i.s) 

Standard 
Deviation 
of  MLD 

Correlation 

Coefficient 

1956 

May 

27.0 

9.5 

29.0 

12.0 

.75 

Jun 

21.4 

9.S 

50.3 

14.3 

A7 

Jul 

19.8 

6.5 

19.1 

6.5 

.70 

ius 

21. u 

12.0 

16.0 

9*7 

.79 

CO 

o^ 

1 — 1 

May 

18.6 

10.5 

14.8 

10.9 

.71 

Jun 

19.9 

7.9 

15.6 

8.4 

.82 

Jul 

21.9 

11.0 

18.3 

8.0 

.48 

Aug 

25.7 

10.2 

30.4 

9.0 

.58 

1959 

Apr 

21.7 

14.2 

16.8 

17.9 

085 

May 

*20.8 

12.1 

25.9 

12.6 

*.38 

Jun 

*14.9 

6.5 

27.2 

21.9 

*.55 

Aug 

*19c5 

10,5 

35*4 

11.8 

*.10 

*6000-meter  wind  speed  data  not  available  for  these 
months.  Substitution  of  i^he  500-mb  wind  speed  re- 
s’ull^l  xn  decreased  correlation  between  the  tv/o 
parameters. 


r  r; 


TABLE  VI 


Correlation  coefficients  (r)**  for  the  depth  of  the 
mixed  layer-  against  (1)  surface  wind  speed,  .^id  (2)  6000- 
meter  wind  speed. 


1956 

1958 

1959 

Surface 

Aloft 

Surface 

Aloft 

Surface 

Aloft 

Apr 

— 

— 

, — 

— 

— 

— 

riay 

.59 

.73 

.26 

.71 

.36 

.38* 

Jun 

.74 

.47 

.74 

.32 

.43 

.35* 

Jul 

y- 

OJ 

• 

.70 

.61 

.48 

— 

— 

Aug 

.73 

.79 

.40 

.58 

o 

o 

• 

.10* 

*6000-meter  data  not  available .  Substitution  of  the 
500-mb  wind  speed  resulted  in  a  greatly  decreased 
correlation  betv/een  the  parameters. 


v/here  3^= 


